ABSTRACT: Stresses such as cold and drought can impair plant yield and induce a highly complex array of responses. Sugarcane (Saccharum spp.) is cultivated in tropical and subtropical areas and is considered a coldsensitive plant. We previously showed that cold stress induces the expression of several genes in in vitro sugarcane plantlets. Here we characterize one of those genes, SsNAC23, a member of the NAC family of plant-specific transcription factors, which are induced by low temperature and other stresses in several plant species. The expression of SsNAC23 was induced in sugarcane plants exposed to low temperatures (4ºC). With the aim of further understanding the regulatory network in response to stress, we used the yeast two-hybrid system to identify sugarcane proteins that interact with SsNAC23. Using SsNAC23 as bait, we screened a cDNA expression library of sugarcane plants submitted to 4ºC for 48 h. Several interacting partners were identified, including stress-related proteins, increasing our knowledge on how sugarcane plants respond to cold stress. One of these interacting partners, a thioredoxin h1, offers insights into the regulation of SsNAC23 activity.
Introduction
Sugarcane (Saccharum spp.) is an important tropical grass crop that suffers from abiotic stresses caused by low temperatures and drought (Robertson et al., 1999; Tai and Lentini, 2002; Silva et al., 2008) . These stresses can reduce sugarcane photosynthetic rates considerably, and a decrease by more than 50% was observed after exposure to temperatures of 10ºC for 3 days (Du et al., 1999) . This can lead to alterations in sugar quality and reduction in biomass.
Plants respond to cold stress with physiological changes and alterations of their gene expression, which can lead to higher levels of tolerance and cold acclimation (Guy et al., 1985; Tomashow, 1998; Allen and Ort, 2001) . Genes regulated by cold are also commonly regulated by drought and salinity stresses Shinozaki et al., 2003) . Signal transduction pathways related to theses stresses have been identified in several gene expression studies in plants such as Arabidopsis (Lee and Lee, 2003; Seki et al., 2002) and rice (Rabbani et al., 2003) . For sugarcane, a pioneering study has identified several genes induced by low temperature stress (Nogueira et al., 2003) . Among these genes, SsNAC23, a homolog of the NAC domain rice transcription factor OsNAC6 was identified. NAC domain proteins constitute a class of plant-specific transcription factors, with important roles in development, growth and response to stress (Kikuchi et al., 2000; Ooka et al., 2003) . Members of this family are induced by low temperature stress in rice, by wounding and pathogen attack in potato, and by cold, drought and pathogen in Brassica (Collinge and Bollen, 2001 ; Hegedus et al., 2003) .
The expression of SsNAC23 is strongly induced in sugarcane plants exposed to low temperatures. We have also carried on in situ hybridization studies to identify cell types where expression is most abundant. With the aim of further understanding the regulatory network in response to stress, we used the yeast two-hybrid system to identify sugarcane proteins that interact with SsNAC23.
Materials and methods
Sugarcane plantlets (Saccharum spp. cv. SP80-3280), propagated axenically in vitro, were maintained as described previously (Nogueira et al., 2005) . Plants from the variety Q117 were grown under greenhouse conditions in 200 mL plastic cups containing a commercial planting mix plus ammonium sulfate and commercial 4-20-20 fertilizer. One month-old plants were used for the cold stress treatments. Plants were either kept at 26ºC (controls) or transferred to 16°C for 24 h and then to 4ºC for 48 h, and after that time they were immediately harvested and frozen in liquid N 2 and stored at -80ºC.
For in situ hybridization mature leaf, leaf roll and inflorescence samples were collected from the SP80-380 variety grown in the field, in Piracicaba, state of São Paulo, Brazil (22°43' S; 47°38' W).
Total RNA was extracted from green parts of sugarcane plants, using the TRIZOL reagent (Invitrogen) with modifications for tissues with a high amount of polysaccharides, according to the manufacturer. The RNA was separated by electrophoresis in a formaldehyde agarose (1%) gel and transferred to nylon membranes (Hybond N, Amersham Bio-sciences, USA). The blots were hybridized with a conserved 3'-end fragment of SsNAC23, as described previously (Nogueira et al., 2005) .
Digoxigenin labeling of RNA probes, tissue preparation, and hybridization conditions were performed as described previously (Gentile et al., 2009 ). The hybridized tissues were sugarcane mature leaf, leaf roll and mature inflorescence. The hybridized sections were viewed after overnight incubation with the digoxigenin-labeled riboprobe, which contained the SsNAC23 complete coding sequence. Sections were photographed under anAxiovert 35 microscope (Zeiss, Germany).
A sugarcane cDNA library was constructed using the BDMatchmaker Library Construction and Screening Kit (Clontech, USA). A total of 1 μg of mRNA from coldstressed sugarcane plants was used for cDNA synthesis according to the manufacturer's instruction. First strand cDNA was amplified by Long Distance PCR using the BD Advantage 2 PCR Kit (Clontech, USA). The purified library cDNA was then fused to the GAL4 activation domain of pGADT7-Rec (Clontech, USA) expressing vector by recombination in the AH109 yeast strain.
The full length coding sequence of SsNAC23 was cloned into pGBKT7 and transformed into the yeast strain Y187. Two hybrid screens were carried out by mating, according to the manufacturer instructions (Clontech, USA). Briefly, an overnight culture of strain Y187 expressing SsNAC23 was mixed with strain AH109, expressing the cDNA library, for 24 h, in rich medium at 30ºC in a shaker at low rotation (30-50 rpm). The yeast mixture was plated on synthetic dropout (SD) medium lacking tryptophan, leucine, histidine and adenine to select clones containing proteins that interact with SsNAC23. Positive and negative control analyses were made and plated onto the same SD medium. The mating efficiency and number of screened clones were calculated by plating appropriate dilutions in selective media. Positive colonies appearing within six days of the screen and activating the HIS3 and ADE2 reporter genes were subsequently tested for α-galactosidase activity. The interactions were confirmed by restreaking the positive clones onto SD medium lacking tryptophan, leucine, histidine and adenine and containing x-α-gal to verify the maintenance of the correct phenotype and to test the strength of the interaction.
After the confirmation of the phenotype, plasmid isolation of positive clones was made using a modified lyticase protocol (Philippsen et al., 1991) . Because the isolated plasmid DNA was a mixture of both plasmids (bait and library), Escherichia coli cells were transformed by electroporation and plated on LB medium containing ampicillin to select for the AD/library plasmid only. The cDNA inserts were amplified using the BD Matchmaker AD LD-Insert Screening Amplimer Set (Clontech, USA) and the BD Advantage 2 PCR kit (Clontech, USA). The PCR product was sequenced and then compared with that of other proteins in the databases.
To allow a better understanding of the oxidized and reduced forms of SsNAC23 dimeric structure, a molecular model already described (Nogueira et al., 2005) was submitted for additional energy minimization and equilibrating molecular dynamics simulations. To this end, the Gromacs 4.0.2 program (Van Der Spoel et al., 2005) was used on a quadcore Linux workstation using the GROMOS 53a6 force field.
Modeled SsNAC23 dimer (as described in Nogueira et al., (2005) ) was solvated in a water box using the SPC/E model (Brunne et al., 1993) . Reduced and oxidized topologies of the protein were obtained using the pdb2gmx tool. Standard protonation states (pH= 7.0) were used for all residues and protein amino and carboxy-terminals were added. For system neutralization, Na + and Cl -ions were used. Final systems were formed by SsNAC23 dimer in oxidized or reduced forms and 19,480 water molecules. Simulation systems were submitted to a steepest-decent (SD) energy minimization, constraining all protein bonds and water molecules using the LINCS algorithm, and converging to machine precision to remove bad van der Waals contacts. For further relaxation of the system, minimized structure of the complexes was used in unrestrained molecular dynamic for 2 ns with berendsen-type temperature (310 K) and pressure (1 atm.) coupling in a NVT ensemble and octahedral simulation cell, implementing the PME method of electrostatic treatment (Essman et al., 1995) .
Production dynamics were performed in the same conditions for 15-18 ns. In the trajectory interpretation and analysis, scripts provided with GROMACS 4.0.2 package were used.
Results
The induction of SsNAC23 expression was observed in plants cultivated in vitro and also in sugarcane plants of a different variety, cultivated in soil ( Figure 1 ). Nogueira et al. (2005) showed that expression of SsNAC23 is induced in sugarcane plantlets cultivated in vitro and exposed to 4ºC for 48 h. Thus, SsNAC23 cold induction is not an artifact of in vitro cultivation or a specific phenomenon for a particular sugarcane variety, confirming its significance. Previously, it was demonstrated that SsNAC23 contains a degenerate bipartite nuclear localization signal (NLS), conserved in other NAC protein domain, and that it is localized in the nucleus of onion epidermal cells (Nogueira et al., 2005) , further supporting its role as a transcription factor. Regarding tissue expression, SsNAC23 was found to be present in leaves and roots at high to moderate levels, in stems at lower levels, and undetected in the apical meristem and floral organs by northern hybridization (Nogueira et al., 2005) . We sought to define even further the localization of SsNAC23 transcripts by in situ hybridization in adult leaf tissue and mature inflorescences from sugarcane. Even though expression in flower organs at a younger stage was undetected by northern hybridization (Nogueira et al., 2005) , we decided to further evaluate the expression in this tissue, since the NAC domain proteins are defined by having an important role in meristematic regions and the rice homolog is expressed in flower tissues (Kikuchi et al., 2000) . Indeed, we observed very strong expression of SsNAC23 in the mature sugarcane inflorescence, particularly in the floral meristem (Figures 2A, B) . We also observed expression in mature leaves of sugarcane, particularly in metabolic active cells such as the bundle sheath cells (Figures 2C, D) .
A better understanding of the role of the SsNAC23 transcription factor during low temperature stress response in sugarcane can be achieved by the identification of additional targets in the cold response pathway. To this end, we performed a yeast two-hybrid assay using SsNAC23 as bait to identify interacting proteins from a cold-stressed cDNA expression library. The full length coding sequence of SsNAC23, expressed as fusion to the binding domain (BD) of the GAL4 protein, did not activate the expression of the reporter genes by itself and it was not toxic to yeast cells (data not shown), both of which could have hindered the yeast two-hybrid approach. The yeast strain expressing SsNAC23 fused to the GAL4 BD was allowed to mate with the strain expressing a cDNA library prepared from RNA from sugarcane plants submitted to 4ºC for 48 h. After 24 h of mating, the mixture was plated on selective media and the diploids were allowed to grow for 5 days ( Figure 3A) . From approximately 7 × 10 5 colonies screened, about 200 were transferred to selective media containing x-α-gal. These 200 colonies were grown side by side with positive controls ( Figure 3B ). From these, 150 colonies stained blue and were transferred to selective media with x-α-gal once again, to verify the maintenance of the correct phenotype. A total of 80 colonies maintained the phenotype and 10 of those had their plasmid isolated and sequenced.
A total of ten clones was sequenced and four did not show similarity to any protein in the database. The other six clones, named NAC23ip1 (NAC23 interacting protein number 1), NAC23ip2, NAC23ip3, NAC23ip4, NAC23ip5, and NAC23ip6, had similarity with proteins ranging from stressrelated, to nuclear import, to other cellular processes (Table  1 ). NAC23ip1 encodes a thioredoxin h1 protein homologue involved in protecting cells from reactive oxygen species during stress responses (Meyer et al., 2008) . NAC23ip2 codes for a voltage dependent anionic channel (VDAC). Two clones, NAC23ip3 and NAC23ip4, showed similarity to molibdoenzymes belonging to the sulfite oxidase family (SO, responsible for the oxidation of sulfite to sulfate), a recently discovered family in plants (Eillers et al, 2001 ). NAC23ip5 encodes a homolog of the heat shock protein hsp70 from maize (Rochester et al., 1986) , and NAC23ip6 was identified as a ribosomal protein S10p/S20e.
A thioredoxin h1 was identified as contacting SsNAC23 protein in the yeast two-hybrid system. The sugarcane SAS corresponding to this clone, SCCCLR2001H09.g, has several reads that were sequenced from cDNA libraries from flowers and young leaves, indicating it is co-expressed with SsNAC23 in several sugarcane tissues, corroborating to the data from protein-protein interactions (data not shown). Thiorredoxins catalyze the reduction/oxidation of disulfide bond dissociations/formation and the possibility of disulfide bridge formation in the SsNAC23 structure was analyzed. For this propose, the SsNAC23 molecular model already obtained by our group (Nogueira et al., 2005) was used as a starting point. Despite the high identity of NAC-like sequences, SsNAC23 protein contains three Cys residues (Cys 29, Cys 32 and Cys 155) but only Cys155 appears to be conserved on the general fold of NAC-like structure (Figure 4) . In groups of NAC-like proteins, Cys residues appear at the N-terminal part of the protein in positions between 25 and 60 in a few members of the family (less than 25% of 500 analyzed sequences). However, unpaired Cys residues in these positions appear to be a characteristic of these groups, as no other Cys residues were observed in other parts of the protein (a clear exception was the highly conserved Cys155 position on this fold) (Figure 4) .
We tested the possibility of disulfide bridge formation between Cys29 and Cys32 in SsNAC23 (presented as Cys191 and Cys194 in our dimeric molecular model, Figure 5A ). These residues lie in the α-helix at the N-terminal part of the structure and are partially exposed to the solvent in the lateral surface of the dimer ( Figure 5B) . As a consequence, these residues are free for tioredoxin h1 recognition and redox action. On the top of our dimeric model a large hydrophobic surface was also observed (in green in Figure 5B ), which partially co-localized with the proposed Cys29-Cys32 disulfide bridge, suggesting a viable place for protein-protein interactions.
With the aim of further detailed characterization of oxidized (Cys29-Cys32 bridge) and reduced (CysH form) SsNAC23 protein, two different simulation systems were modeled, using water box and molecular dynamic simulations performed for 15 to 20 ns. The trajectories of different experiments were analyzed and the most represented cluster of structures was used in superposition of oxidized and reduced forms of the SsNAC23 structure ( Figure 5C ). In this superposition, differences are clear in the lateral part and especially on the top of the structure, near the Cys29-Cys32 bridge and covering the central part of the SsNAC23 hydrophobic surface ( Figure 5C ). Also, residue fluctuation analysis over the simulation trajectory for oxidized and reduced forms of SsNAC23 structures shows pointed differences in residues at 25 to 28 and 33 to 40 positions ( Figure 5D ).
Discussion
Members of the NAC family are induced by low temperature, as well as other stresses, in several plant species (Collinge and Bollen, 2001; Hegedus et al., 2003; Nogueira et al., 2005; Pinheiro et al., 2009 ). Here we observed that the expression of SsNAC23 is induced in sugarcane plants exposed to low temperatures (4ºC). In addition to cold, we showed that SsNAC23 is induced by drought and herbivory in sugarcane (Nogueira et al., 2005) .
To further characterize the transcription factor SsNAC23, we have also carried on in situ hybridization studies to identify cell types in tissues where expression is most abundant. The results of these studies showed that the SsNAC23 expression is localized on rapidly dividing cells, such as floral meristem and on metabolic active cells such as bundle sheath cells in mature leaf tissue. Our previous study did not de- (Nogueira et al., 2005) , perhaps because the tissue used in the present study is at an earlier developmental stage than the one used in the previous study, and/or because of the higher sensitivity of the in situ hybridization technique. The stronger expression of SsNAC23 that we observed in the flower meristem is in line with several reports indicating that NAC proteins are involved in flower development (Souer et al., 1996; Aida et al., 1997; . With the aim of further understanding the regulatory network in response to stress, we used the yeast two-hybrid system to identify sugarcane proteins that interact with SsNAC23. Using SsNAC23 as a bait, we screened a cDNA library of sugarcane plants submitted to 4ºC for 48 hours. Several interacting partners were identified, including a thioredoxin h1 (clone NAC23ip1). These proteins act in different cellular processes, such as the detoxification of reactive species of oxygen which occur during diverse stress situations (Meyer et al., 2008; Gelhaye et al., 2004) . Interestingly, Yan et al. (2006) identified a rice thioredoxin h induced by low temperatures, and Serrato et al. (2003) observed that a thioredoxin h accumulates in the nucleus of wheat seeds under oxidative stress. One possibility for the interaction between the sugarcane thioredoxin and SsNAC23 could be the regulation of disulfide bridges between some of the three cysteine residues in SsNAC23. However, the SsNAC23 homolog from Arabidopsis thaliana, ANAC, does not contain disulfide bridges (Ernst et al., 2004) . The differences found in the fluctuation and in the local structure near the Cys29 and Cys32 residues of SsNAC23 indicate a distinct hydrophobic surface and shape ( Figure 5D ), reflecting in different surface recognition characteristics for oxidized and reduced SsNAC23 forms. All these observations together suggest that the Cys29-Cys31 disulfide bridge as a hot-spot for structural modulation of recognition of SsNAC23 by other proteins. This was observed for other transcription factors, like HLF (Hypoxia-inducible factor 1-like), in which a reduction in one cysteine residue in the HLF protein is essential for its interaction with the CBP/ p300 complex (Ema et al., 1999) , and this complex regulates several genes (Goodman and Smolik, 2000) . The activation of a glicocorticoid receptor (GR) that contains a zinc finger is also modulated by a direct interaction with a thioredoxin, and the oxidative state of the cysteine residues is a potential enzyme target under oxidative stress conditions (Makino et al., 1999) . presenting some conserved Cys residues were pointed by yellow arrows and sequences were colored in dark (light) blue representing identity (similarity) according to BLOSUM62 matrix. Secondary structure elements were imported from our modeled structure. The total alignment was obtained using JalView 3.0 in a total universe of more than 500 aligned NAC-like proteins (www.jalview.org).
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The clone NAC23ip5 codes for a homolog of the heat shock protein hsp70 from maize (Rochester et al., 1986) . Heat shock proteins (HSP) act as chaperones and one of their functions is to facilitate protein transport to the nucleus (Shulga et al., 1996) . This hsp70 from sugarcane could be part of the group of proteins responsible for SsNAC23 translocation from the place of synthesis (cytoplasm) to where it functions (nucleus). Curiously, a spinach homologue of the maize hsp70 has increased levels during spinach cold acclimation (Neven et al., 1992) . Recently it was demonstrated that this protein, denominated Hsc70, has chaperone activity in plants of spinach exposed to cold stress (Zhang and Guy, 2006) . The authors suggested that during cold stress, Hsc70 could act by avoiding denaturation and protein aggregation at low temperatures. It could be speculated that SsNAC23 is a thermo-sensitive protein that is re-structured by the sugarcane hsp70. The clone NAC23ip6 was identified as a ribosomal protein S10p/S20e. In prokaryotes the protein is named S10, while in eukaryotes it is denominated S20. There are several evidences indicating that the protein S10 is one of the proteins shared by the transcription and translation machinery (Squires and Zaporojets, 2000) . In yeast, the protein S20 is able to suppress a mutation in the RNA polymerase III that cause temperature sensitivity due a direct interaction with the RNA polymerase (Hermann-Le Denmat et al., 1994) . Therefore, it is possible that when SsNAC23 interacts with the S20 protein from sugarcane, it could have an effect on the transcription of genes that produces tRNA or rRNA. Recently, Nozawa et al. (2006) showed the role of the protein AtRPS20b from Arabidopsis thaliana in response to stress. These authors overexpressed the protein in yeast and observed a better performance under boric acid stress. In tobacco, Rogalski et al. (2008) demonstrated that Rpl33, a ribosomal protein encoded by the plastid is not essential for cell survival but it is required under cold stress conditions. They suggested that the lack of the ribosomal protein may affect cells under conditions where the maximum translational capacity of the plastid is needed. It is possible that SsNAC23 interacts with these types of proteins under cold stress conditions to maintain a high translational level during reinitiation of protein biosynthesis after cold damage. This subject is relatively new and little is known, and therefore the possibilities are very interesting.
Another clone, NAC23ip2, codes for a voltage dependent anionic channel (VDAC) that is localized in the mitochondria membrane of maize cells (Geiger et al., 1999) . These proteins have an important role in the control of metabolites flow between mitochondria and cytoplasm (Colombini, 2004) . Curiously, a VDAC from Pennisetum glaucum is induced not only by cold, but also by salinity, drought and by the application of salicylic acid (Desai et al., 2006) . However, this protein appears to be localized in the mitochondria and data of subcellular localization obtained previously (Nogueira et al., 2005) showed that SsNAC23 is localized in the nucleus.
Two clones (NAC23ip3 and NAC23ip4) are similar to molibdoenzymes from the sulfite oxidase family (SO). Only recently it was discovered that plants have this enzyme family (Eilers et al., 2001) . In Arabidopsis, a SO is localized in peroxisomes and is involved in the oxidation of sulfite to sulfate. The importance of these reactions is based on the toxicity of sulfite, which can break disulfide bridges and inhibit several metabolic reactions. The elimination of sulfite can protect the plant from SO 2 present in the atmosphere and produced during decomposition of amino acids containing sulfur (Hansch et al., 2006) . However, an association between SO 2 and cold stress has not been found, and we suggest that this protein might regulate the SsNAC23 in a way that is unknown so far.
In summary, an important transcription factor associated with stress responses in sugarcane plants was further characterized. We confirmed the previously observed cold-induction of SsNAC23 in plantlets grown in vitro and extended these findings to plants cultivated in soil. We also characterized the expression of SsNAC23 in cell types of two tissues, the reproductive meristem and adult leaves. To contribute to our understanding of the signal transduction pathway involved in stress, we identified SsNAC23-interacting partners by the yeast two-hybrid assay. One of them, a thioredoxin, might act changing the structure of SsNAC23 with interesting implications for its interactions with other proteins.
